ABSTRACT: Cobalt and chromium ions released from cobalt-chromium-molybdenum (CoCrMo)-based implants are a potential health concern, especially since both ions have been shown to induce oxidative stress in macrophages, the predominant immune cells in periprosthetic tissues. Ions of other transition metals (Cd, Ni) have been reported to inhibit the activity of mitochondrial enzymes in the electron transport chain. However, the effects of Co and Cr ions on the energy metabolism of macrophages remain largely unknown. . In addition, oxygen consumption rates (OCR; measured using an extracellular flux analyzer) showed significant decreases in both mitochondrial respiration and non-mitochondrial oxygen consumption with increasing concentrations of Co , induced mitochondrial dysfunction, including a decrease in oxidative phosphorylation capacity. Overall, this study suggests that mitochondrial dysfunction may contribute to Co 2þ -induced oxidative stress in macrophages, and thereby to the inflammatory response observed in periprosthetic tissues. ß
ABSTRACT: Cobalt and chromium ions released from cobalt-chromium-molybdenum (CoCrMo)-based implants are a potential health concern, especially since both ions have been shown to induce oxidative stress in macrophages, the predominant immune cells in periprosthetic tissues. Ions of other transition metals (Cd, Ni) have been reported to inhibit the activity of mitochondrial enzymes in the electron transport chain. However, the effects of Co and Cr ions on the energy metabolism of macrophages remain largely unknown. The objective of the present study was to analyze the effects of Co 2þ and Cr 3þ on oxidative stress and energy metabolism in macrophages in vitro. RAW 264.7 murine macrophages were exposed to [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . In addition, oxygen consumption rates (OCR; measured using an extracellular flux analyzer) showed significant decreases in both mitochondrial respiration and non-mitochondrial oxygen consumption with increasing concentrations of Co Keywords: metal implants; metal ions; macrophages; oxidative stress; energy metabolism Cobalt-chromium-molybdenum (CoCrMo) alloys are used extensively in orthopaedic applications. 1 However, these alloys can undergo wear and corrosion in vivo, leading to the release of Co and Cr ions, which are a potential health concern. [2] [3] [4] Indeed, clinical studies have shown elevated concentrations of Co and Cr ions in the blood, serum, and synovial fluid of patients with a CoCrMo joint implant associated with adverse soft tissue reactions. [5] [6] [7] Nevertheless, the adverse effects of Co and Cr ions on cellular physiology remain largely unknown.
Both Co 2þ and Cr 3þ have been shown to induce adverse effects on cellular components including proteins, lipids, and nucleic acids. 8 For example, Petit et al. 9 reported that these metal ions induced an increase in protein carbonyl content (a measure of oxidative damage and a common marker for oxidative stress 10 ) in U937 monocytes. In addition, Scharf et al. 11 reported a strong positive correlation between protein carbonyl content in periprosthetic tissues and the amount of Co and Cr present in these tissues. High levels of oxidative stress induced by Co 2þ and Cr 3þ may therefore contribute to adverse reactions in periprosthetic tissues, such as soft tissue masses known as pseudotumors, 11 which often lead to implant failure. 12 Oxidative stress (defined as "an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox [reduction-oxidation] signaling and control and/or molecular damage" 13 ) has been linked to various disease states.
14 Intracellular sources of reactive oxygen species (ROS) include enzymatic systems such as the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (which produces superoxide anions) and organelles such as mitochondria, the endoplasmic reticulum (under stress), and peroxisomes. 15 NADPH oxidase protein complexes, located in the plasma membrane, are particularly important for ROS production in certain cell types, including macrophages. 15 Overall, mitochondria are thought to be the major ROS-producing organelles in most cell types because a high number of redox reactions occur therein. Major sites of mitochondrial ROS production include complexes I and III of the electron transport chain (ETC), and other redox enzymes such as pyruvate dehydrogenase. 16, 17 The ETC, located in the mitochondrial inner membrane, is comprised of a series of four redox carrier complexes: nicotinamide adenine dinucleotide dehydrogenase, also known as NADH-ubiquinone oxidoreductase (complex I); succinate dehydrogenase (complex II); cytochrome c reductase (complex III); and cytochrome oxidase (complex IV). The ETC is coupled to oxidative phosphorylation through a proton gradient that is used by the F 0 F 1 ATP synthase complex to produce ATP.
Redox-active metals play an essential role in the regulation of both mitochondrial and non-mitochondrial protein complexes. 18, 19 22, 23 and induce mitochondrial ROS production. 22, 24 Finally, in vitro studies have shown that both Co 2þ and Cr 3þ can activate the production of bone-resorbing cytokines through the activation of redox-dependent mechanisms 25 and induce an inflammatory response in macrophages, 25, 26 the predominant immune cells in periprosthetic tissues. 27, 28 The bioenergetic demands of such an inflammatory response require a stepwise adaptation of cellular energy metabolism. 29 However, the effects of Co 2þ and Cr 3þ on the energy metabolism of macrophages remain largely unknown. Therefore, the objective of the present study was to analyze the effects of Co 2þ and Cr 3þ on oxidative stress and energy metabolism in macrophages in vitro.
MATERIALS AND METHODS
Unless otherwise specified, water was reagent grade (ASTM Type I). , and passaged 10 times from the working culture received from ATCC. For experiments (and routine subculture), cells were detached by pipetting using a Class A volumetric glass pipette (Sibata Scientific Technology, Soka, Japan) and resuspended in the above growth medium to 0.5 Â 10 6 cells/ml, unless otherwise specified.
Metal Ions

Cell Mortality
Tissue culture-treated polystyrene 6-well plates (Greiner Bio-One) were seeded with 2 ml of cell suspension (0.5 Â 10 6 cells/ml) per well and incubated 2-3 h under cell culture conditions to allow cell attachment. At the end of the incubation, the culture supernatants were replaced with 2 ml of growth medium containing Co 2þ (6-24 ppm), Cr 3þ (50-250 ppm), or cell culture-grade water (negative control), and the cells were incubated an additional 24 h.
At the end of the incubation, the cells were detached by gentle pipetting using a 1-ml manual single-channel pipette (Mettler Toledo, Oakland, CA) and the cell suspensions were transferred into 5-ml untreated polystyrene culture tubes (Corning, Corning, NY). Cell mortality was analyzed by dyeexclusion hemocytometry under phase contrast microscopy using trypan blue (0.04% [w/v] final concentration; Sigma-Aldrich) and an improved Neubauer hemocytometer (Hausser Scientific, Horsham, PA).
Cytosolic Reactive Oxidative Species
Tissue culture-treated black-wall polystyrene 96-well plates with a clear flat bottom (Greiner Bio-One) were seeded with 200 ml of cell suspension (0.5 Â 10 6 cells/ml) per well and incubated 2-3 h under cell culture conditions to allow cell attachment. At the end of the incubation, the culture supernatants were discarded and the cells in each well were washed twice with 100 ml of phenol red-free Hank's balanced salt solution (HBSS; Lonza) to remove traces of phenol red and FBS. Cytosolic ROS level was measured using a cellbased fluorescence assay (OxiSelect TM Intracellular ROS assay kit; Cell Biolabs, San Diego, CA) as per the manufacturer's instructions. Briefly, cells were incubated 1 h at 37˚C with 100 mM 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (a cell-permeant fluorogenic probe) prepared in phenol redfree low glucose DMEM (Sigma-Aldrich) supplemented with 1.5 g/l of cell culture-grade NaHCO 3 (Sigma-Aldrich) and an additional 3.5 g/l of cell culture-grade D-glucose (SigmaAldrich) to replicate the formulation of the DMEM used to culture the cells. The cells were then washed two more times with phenol red-free HBSS and incubated 6 h in 100 ml of phenol red-free DMEM (Sigma-Aldrich) supplemented with 10% (v/v) heat-inactivated FBS, NaHCO 3 and D-glucose as above, and containing Co 2þ (6-18 ppm), Cr 3þ (50-150 ppm), cell culture-grade water (negative control), or H 2 O 2 (100 mM; positive control; data not shown). At the end of the incubation, dichlorofluorescein (DCF) fluorescence was measured with a hybrid microplate reader (Synergy TM 4; Biotek, Winooski, VT) using excitation and emission wavelengths of 480 and 530 nm, respectively.
Protein Carbonylation
One hundred-mm diameter tissue culture-treated dishes (Greiner Bio-One) were seeded with 12 ml of cell suspension (0.5 Â 10 6 cells/ml) per dish and incubated 2-3 h under cell culture conditions to allow cell attachment. At the end of the incubation, the culture supernatants were replaced with 12 ml of growth medium containing Co 2þ (6-18 ppm), Cr Supernatants were concentrated by centrifugal filtration (3,500Âg for 30 min at 4˚C) using 4-ml capacity 10-kDa molecular weight cut-off low-binding regenerated cellulose filters (Millipore, Billerica, MA). Aliquots of the concentrated samples, in argon-filled 0.5-ml polypropylene cryovials (Simport, Beloeil, QC), were frozen and stored in liquid nitrogen for future protein carbonyl content analysis.
Protein determination was performed using the bicinchoninic acid colorimetric assay with bovine serum albumin (BSA) as the protein standard (Thermo Scientific, Rockford, IL). Absorbance was measured at a wavelength of 562 nm using a hybrid microplate reader (Biotek). Protein carbonyl content was quantified by immunochemical detection after derivatization with 2,4-dinitrophenylhydrazine (DNPH) as described by Wehr et al., 31 with minor modifications. Cell lysate proteins oxidized by exposure to FeCl 3 and ascorbate 32 (which together act as a ROS-generating system 33 ) were used as a positive control (data not shown). Briefly, samples (3 mg proteins/ml) were mixed with one volume of 20% (w/v) sodium dodecyl sulfate (SDS; Fisher Scientific) and two volumes of 20 mM DNPH (Sigma-Aldrich) in 10% (v/v) trifluoroacetic acid (Sigma-Aldrich), then incubated 15 min at room temperature. The incubation was terminated by adding two volumes of neutralization solution (1.5 M Tris, 22.5% [v/v] glycerol [Sigma-Aldrich]). Aliquots (3 mg proteins) of the derivatized samples were mixed with sample loading buffer (LI-COR, Lincoln, NE), as per the manufacturer's instructions (except that the final loading buffer concentration was 0.5Â and, as recommended by Wang et al., 34 exogenous thiol was omitted), and analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) using precast mini-format Tris-glycine gradient (8-16%) gels (Bio-Rad; Hercules, CA). Pre-stained (visible and near-infrared) protein molecular weight standards (LI-COR) and 2,4-dinitrophenyl (DNP)-derivatized protein molecular weight standards (OxyBlot 1 Protein Oxidation Detection Kit; Millipore) were used (note: the molecular weights provided by the manufacturer for the DNP-derivatized standards are those of the underivatized proteins and are therefore underestimated). Two identical gels were run in parallel: one was used for western blotting (this gel was truncated above the 260 kDa molecular weight mark prior to electrotransfer to avoid gel compression artifacts), and the other was stained with Coomassie Brilliant Blue R-250 dye (Bio-Rad). For western blotting, proteins were electrotransferred onto a 0.45-mm pore size fluorescent-grade polyvinylidene fluoride (PVDF) membrane (Immobilon-FL; Millipore). The membrane was airdried overnight, reversibly stained for total protein with acid blue (REVERT TM total protein stain; LI-COR) as per the manufacturer's instructions, and imaged at 700 nm using a near-infrared fluorescence/chemiluminescence imaging system (Odyssey 1 Fc; LI-COR). Immunodetection was performed using a rabbit anti-DNP antibody as the primary antibody and a goat anti-rabbit horseradish peroxidase (HRP)-conjugated antibody as the secondary antibody (OxyBlot 1 Protein Oxidation Detection Kit; Millipore), as per the manufacturer's instructions. DPBS containing 0.1% (v/v) polysorbate 20 (Fisher Scientific) and 1% (w/v) BSA (Sigma-Aldrich) was used as the blocking and antibody dilution buffer. Chemiluminescence detection was performed using chemiluminescent HRP substrate (Millipore) as per the manufacturer's instructions, and the blots were imaged using a near-infrared fluorescence/chemiluminescence imaging system (LI-COR). Chemiluminescence intensity was normalized to protein content determined by acid-blue staining. Both acid-blue staining and chemiluminescence were analyzed by densitometry using Image Studio TM software v.2.0 (LI-COR). No chemiluminescence was detected when DPNH was omitted from the derivatization step, thereby confirming the specificity of the detection system for the DNP moiety of the derivatized proteins (data not shown).
Cellular Oxygen Consumption
Cellular oxygen consumption rates (OCR) were measured using an extracellular flux analyzer (Seahorse XF96e; Agilent Technologies, Santa Clara, CA). Briefly, the cartridge sensors were incubated overnight at 37˚C in a hydration/ calibration solution (XF Calibrant; Agilent Technologies). Specially designed polystyrene tissue culture-treated 96-well microplates with a clear flat bottom (Seahorse XF96 V3 PS Cell Culture Microplates; Agilent Technologies) were then seeded with 80 ml of cell suspension (1.0 Â 10 6 cells/ml) per well and incubated 2-3 h under cell culture conditions to allow cell attachment.
At the end of the incubation, the culture supernatants were replaced with growth medium containing Co . OCR were measured to assess resting respiration, followed by ATP production-dependent respiration, maximal respiration, and non-mitochondrial oxygen consumption, after sequential injections of oligomycin (an ATP synthase inhibitor) at 1 mM (final concentration), carbonyl cyanide m-chlorophenyl hydrazone (an ionophore acting as a proton uncoupler) at 2 mM, and rotenone together with antimycin A (complex I and complex III inhibitors, respectively), each at 0.5 mM. Spare respiratory capacity, a measure of the ability of cells to respond to increased energy demand, was calculated by subtracting resting respiration from maximal respiration. ATP production-dependent respiration was calculated by subtracting the lowest OCR after oligomycin injection from resting OCR. Proton leak, represented by basal respiration (i.e., mitochondrial respiration that is not coupled to ATP production), was calculated by subtracting the OCR corresponding to non-mitochondrial oxygen consumption from the lowest OCR after oligomycin injection. Non-mitochondrial oxygen consumption was subtracted from the reported resting respiration, maximal respiration, spare respiratory capacity, and ATP production-dependent respiration. For each parameter, OCR measurements were performed three times at 6-min intervals. All OCR measurements were corrected for the OCR of cell-free wells containing only medium. Upon completion of the OCR measurements, the cells were washed once with PBS and lysed in 1 M NaOH (40 ml/well). The lysates were kept at 4˚C for up to 24 h, and protein determination was performed using the Bradford colorimetric assay with BSA as the standard protein (Thermo Scientific). Absorbance was measured at a wavelength of 595 nm using a hybrid microplate reader (Biotek). 
Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics software for Microsoft Windows, version 24.0 (IBM, Armonk, NY). The data were assumed to be normally distributed and Levene's test was used to determine if the assumption of homogeneity of variance was met. When met, a two-way analysis of variance (ANOVA) was used for groupwise comparisons followed by Tukey-Kramer post-hoc tests. When unmet, a Welch ANOVA was performed followed by Games-Howell post-hoc tests. p < 0.05 was considered significant. Effect sizes are presented as Cohen's d with 95% confidence intervals (CI). Data are presented as means AE standard errors of the means (SEM). Fig. 2A ), relative to the negative control, after a 6-h exposure. In contrast, Cr 3þ did not induce any significant changes in ROS level (Fig. 2B) .
RESULTS
Effects of
Results also revealed a Co 2þ concentration-dependent increase in protein carbonyl content of 31 Fig. 3A ), relative to the negative control, after a 24-h exposure. In contrast, Cr 3þ did not induce any significant changes in protein carbonyl content (Fig. 3B) . Fig. 4A ), relative to the negative control. Similarly, a decrease was observed in ATP production-dependent . At the end of the incubation, mortality was analyzed by dye-exclusion hemocytometry using trypan blue. The dashed line represents the number of cells 3 h prior to the start of the 24-h exposure (see Materials and Methods section). Statistical analysis was performed using a Welch ANOVA followed by Games-Howell post-hoc tests since the homogeneity of variance assumption was unmet, as ; represented by a dashed line), is directly proportional to the level of cytosolic ROS. Data are presented as means AE SEM of three independent experiments, each performed with 5-6 replicate samples per condition. Statistics as in Figure 1 . 
DISCUSSION
The present study analyzed the effects of Co 2þ and Cr 3þ on oxidative stress and energy metabolism in macrophages, the predominant immune cells in periprosthetic tissues. 27, 28 To the best of our knowledge, this is the first study to examine the effects of these metal ions on mitochondrial respiration parameters in cellula and on oxidative stress in the context of mitochondrial dysfunction. Results showed that Co 2þ , but not Cr 3þ , induced ROS production and protein carbonylation, suggesting that Co 2þ may be inducing oxidative stress through ROS. Results also showed that Co 2þ , but not Cr 3þ , adversely affected mitochondrial function.
The effects of Co 2þ and Cr 3þ were studied because Co and Cr are the primary components of CoCrMo alloys, which are used extensively in orthopaedic applications. Co exists in two common oxidation states (þ2 and þ3). However, Co 2þ was used in the present study because Co 3þ is rapidly reduced to Co 2þ in aqueous environments. 30 Similarly, Cr exists in two common oxidation states (þ3 and þ6), but Cr 3þ was used in the present study because Cr 6þ is rapidly reduced to Cr 3þ under physiological conditions. 30 The Figure 4 . Cellular oxygen consumption rates (OCR) of RAW 264.7 macrophages following a 6-h exposure to Co 2þ : (A) Mitochondrial respiration parameters; (B) Non-mitochondrial oxygen consumption; (C) Proton leak, represented by basal respiration (i.e., mitochondrial respiration that is not coupled to ATP production). OCR (measured using an extracellular flux analyzer) were normalized to protein content (determined using a colorimetric assay). Data are presented as means AE SEM of three independent experiments, each performed with 7-8 replicate samples per condition. Statistics as in Figure 1 except that, since the homogeneity of variance assumption was met for some parameters as per Levene's test, a two-way ANOVA and Tukey-Kramer post-hoc tests were used to analyze these parameters. : (A) Mitochondrial respiration parameters; (B) Non-mitochondrial oxygen consumption; (C) Proton leak, represented by basal respiration (i.e., mitochondrial respiration that is not coupled to ATP production). OCR (measured using an extracellular flux analyzer) were normalized to protein content (determined using a colorimetric assay). Data are presented as means AE SEM of three independent experiments, each performed with 7-8 replicate samples per condition). Statistics as in Figure 4 .
OXIDATIVE STRESS AND ENERGY METABOLISM IN MACROPHAGES
ranges of Co 2þ and Cr 3þ concentrations used in the present study were based on: (1) previous studies analyzing the effects of Co 2þ and Cr 3þ on oxidative stress and inflammatory cytokine release from macrophages in vitro 9, 25, 26, 35, 36 ; (2) the assumption that the concentration of these ions is higher in periprosthetic tissues than in body fluids where their concentrations are in the ppb range; and (3) the consideration that macrophage stimulation probably requires higher concentrations of a stimulating agent in vitro than it does in vivo, where cells are exposed to multiple stimulating factors simultaneously. 26, 36 The RAW 264.7 murine macrophage cell line was used because it is a common model for in vitro studies of molecular pathways activated by implant wear particles or metal ions, [37] [38] [39] and of oxidative stress and mitochondrial function. 40 Immortalized cells, as opposed to primary cells, were selected to avoid potential inter-donor variability. However, limitations of the RAW 264.7 macrophage model include its murine origin, 41 as well as higher metabolic rates and OCR than primary murine macrophages. 42 Mortality analysis showed a Co 2þ concentrationdependent increase in the percentage of dead cells and lower total numbers of cells (live þ dead) after a 24-h exposure to Co 2þ , relative to the negative control. The lower total numbers of cells were due to a concentration-dependent reduction in cell proliferation (as evidenced by a decrease in the proportion of actively dividing cells, as determined by fluorescence microscopy using Hoechst 33342 DNA staining; data not shown), as well as death resulting in cellular disintegration. In contrast to the results obtained with Co 2þ , exposure to Cr 3þ only increased the percentage of dead cells at the highest concentration analyzed, and the total number of cells was lower only at that concentration. Overall, these results reflect the greater cytotoxicity of Co 2þ , relative to Cr 3þ , in agreement with previous macrophage studies. [43] [44] [45] The effects of Co 2þ and Cr 3þ on oxidative stress were analyzed through measurements of cytosolic ROS level and total protein carbonyl content. In macrophages, elevated concentrations of ROS (which are byproducts of oxidative metabolism) can induce an inflammatory response through redox signalling, 46, 47 and possibly lead to oxidative damage of cellular components and consequent impairment of cellular functions. 46 Reversible and irreversible oxidative modifications of proteins by ROS occur during redox signaling and as a consequence of acute or chronic oxidative stress. 31 Since protein carbonylation occurs in many of these modifications, it is a standard marker for oxidative stress. 31 Overall, the results showed that Co 2þ , but not Cr 3þ , increased ROS levels by up to 520% and protein carbonyl content by up to 86%. By comparison, the exposure of RAW 264.7 macrophages to phorbol 12-myristate 13-acetate (PMA), a potent inducer of ROS production via NAPDH oxidase, has been reported to increase ROS production by up to ca.
1,200% at peak oxidative burst, and protein carbonyl content by up to ca. 30% approximately 25 min postpeak oxidative burst. 48 Nevertheless, the magnitude of changes in ROS levels in the cells exposed to Co 2þ should be interpreted cautiously given the technical challenges presented by the detection of intracellular ROS. 49 Notwithstanding, the results of the present study suggest that exposure to Co 2þ can cause a substantial increase in oxidative stress in macrophages by inducing ROS production. The mechanisms by which Co 2þ induces ROS production in macrophages remain unclear. One of the mechanisms may involve Fenton-like reactions where intracellularly generated hydrogen peroxide (normally decomposed by catalase into water and oxygen) reacts with Co 2þ to produce highly reactive hydroxyl radicals. 11 Excessive production of these radicals can overwhelm cellular antioxidant systems thereby causing oxidative stress. 50 In vivo exposure to Co 2þ for 24 h has also been reported to decrease the activity of superoxide dismutase and catalase, two antioxidant enzymes playing a prominent role in the neutralization of ROS. 51 Other mechanisms by which Co 2þ induces ROS production in macrophages may involve the ETC and NADPH oxidase. As previously mentioned, in the absence of exogenous metal ions, cellular ROS production originates primarily from mitochondria and the plasma membrane where NADPH oxidase complexes are located.
In the present study, the analysis of oxygen consumption showed significant decreases in mitochondrial respiration parameters with increasing Co 2þ concentrations, suggesting that Co 2þ induces mitochondrial dysfunction and affects overall cellular energy metabolism. Specifically, results showed that Co 2þ , but not Cr 3þ , decreased resting respiration by up to 26%, ATP production-dependent respiration by up to 24%, and maximal respiration by up to 43%. By comparison, the polarization of na€ve murine bone marrow-derived macrophages (BMDM) to the inflammatory (M1) phenotype by LPS and interferon-g has been reported to decrease these respiration parameters by ca. 60, 65, and 85%, respectively. 52 The effects of Co 2þ on the mitochondrial respiration parameters reported in the present study are therefore substantial and consistent with dysfunctional oxidative phosphorylation. A Co 2þ -induced decrease in the capacity of mitochondria to produce ATP may thus have a significant impact on overall cellular energy metabolism and, as discussed below, may lead to the activation of mechanisms that help maintain cellular energy homeostasis. The effects of Co 2þ on mitochondrial respiration parameters may be due to interactions with pathways involved in the regulation of energy metabolism and/or mitochondrial components, including the ETC located in the mitochondrial inner membrane. ETC complexes I, II, and III contain Fe-S clusters and, as previously mentioned, Co 2þ can cause mismetallation of these clusters by competing with Fe 2þ for Fe ), a transition-metal ion, have been shown to inhibit the complexes of the ETC (especially complexes II and III) and induce ROS production at the complex III site. 22 Therefore, Co 2þ may similarly interfere with electron transfer in the ETC and induce ROS production. The decrease in proton leak observed in the presence of Co 2þ is in agreement with this possibility since inhibition at any position in the ETC would decrease proton pumping activity, thereby decreasing the proton-motive force and consequently proton leak. 54, 55 In addition, carbonylation of mitochondrial complexes has been reported in heart tissue (complexes I, II, III, and the F 0 F 1 ATP synthase) 56 as well as in muscle and white adipose tissue (complex I). 57 ROS-induced carbonylation of complex I has also been shown to increase ROS production implying a feed-forward control loop amplifying small changes in ROS production and consequent protein carbonylation. 56 Therefore, Co 2þ -induced ROS production may result in the carbonylation of mitochondrial complexes leading to mitochondrial dysfuntion and further ROS production. Finally, results showed a Co 2þ -induced decrease in non-mitochondrial oxygen consumption, suggesting that Co 2þ may also affect NADPH oxidase reactions. 18, 55, 58 Interestingly, while the present study showed that Co 2þ , but not Cr 3þ , induced oxidative stress, other studies have reported increased oxidative stress in macrophages exposed to Cr 3þ , 9, 11, 59 albeit to a lesser extent than in macrophages exposed to Co 2þ . 9, 11 This discrepancy in the effects of Cr 3þ may be explained by differences in methodologies. For example, in the present study (unlike in previous studies 9, 11 ), nitrogen cavitation was used to lyse cells for the determination of protein carbonyl content because the cells exposed to Co 2þ or Cr 3þ exhibited an ion concentrationdependent resistance to lysis by non-ionic detergents (unpublished observation). Furthermore, in the present study the DNPH and neutralization solutions were prepared in-house because the solutions provided with the commercial OxyBlot 1 Protein Oxidation Detection Kit (a kit used in previous studies 9, 11 ) generated overly acidic samples resulting in protein precipitation and SDS-PAGE artifacts (data not shown). Problems with reagents from this commercial kit have also been reported by others. 34 Notwithstanding, it should be emphasized that the results of the present study are consistent, i.e., Co 2þ -induced ROS production is associated with an increase in protein carbonylation and mitochondrial dysfunction, whereas Cr 3þ induced neither ROS production, protein carbonylation, nor mitochondrial dysfunction. Finally, the use of different cell models (RAW 264.7 vs. U937, J774A.1, and murine BMDM) cannot presently be excluded as a potential cause of, or contributing factor to, the discrepancy in the effects of Cr 3þ on oxidative stress. The observed Co 2þ -induced decrease in ATP production may lead to the activation of AMP-activated protein kinase (AMPK), resulting in the stimulation of catabolic pathways and inhibition of anabolic pathways to conserve energy. 60 Under these conditions, energy-dependent cellular functions may be negatively affected, especially under scenarios of high energy demand such as those prevailing in macrophages actively involved in immune functions. For example, exposure of macrophages to particles of a Ni-and Cubased material has been shown to impair phagocytic capacity and mitochondrial function, suggesting a possible causal relationship. 40 In the context of periprosthetic tissues, a Co 2þ -induced decrease in ATP production could therefore decrease the capacity of macrophages to clear metal wear products. Co 2þ -induced mitochondrial dysfunction may also prevent repolarization of macrophages from the inflammatory to the anti-inflammatory phenotype. 52 Furthermore, since the energy requirements of the pro-and antiinflammatory responses of macrophages are primarily met by anaerobic glycolysis and aerobic respiration, respectively, a Co 2þ -induced decrease in ATP production would be expected to decrease the capacity of macrophages to mount an anti-inflammatory response. 61 
CONCLUSION
The present study showed that Co 2þ , but not Cr 3þ , induced ROS production and protein carbonylation, suggesting that Co 2þ induces oxidative stress through an increase in ROS production and possibly through a weakening of antioxidant defenses. Results also showed that Co 2þ caused mitochondrial dysfunction, including a decrease in oxidative phosphorylation capacity. Overall, these results suggest that mitochondrial dysfunction may contribute to Co 2þ -induced oxidative stress in macrophages, and thereby to the inflammatory response observed in periprosthetic tissues.
